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mSKlCAL IJDOE sro. 1347 

CRITICAL COMBINATIOKS OF ffiEAR MB LOIJ&ITT3DINAL DIRECIT 
SERESS FOR LONG ELAIES TOZPH TRANSVERSE CURVAmCE 


By S. B. Batdorf, Murry Schildcrout, arid. Manuel Stein 


SUMMARY 


A theoretical solution is presented for the budding stresses 
of long plates with transverse curvature loaded in shear and longi- 
tudinal direct stress. The theoretical critical-stress combinationa 
for plates having either simply supported or clamped edges are given 
in figures and tables and a comparison is made with a previous theo- 
retical solution for slnuply supported plates. 

In the compression range theoretical curves are unsuitable for 
use in design because long plates with substantial curvature loaded 
in axial compression buckle at stresses that are much less than the 
theoretical values of critical stress. An investigation was there- 
fore made to determine the modificatlans required to make the theo- 
retical curves compatible with the available es^erimental data for 
plates in axial compression. Interaction curves based xg>on this 
investl^tion are provisionally reccsnmended for use in design. Both 
theoretical and. suggested design ctarves are. essentially parabolas, 
a circumstance 'viiich permits simple approximate interaction formulas 
to be given. 


INTRODUCTION 


Theoretical solutions to a number of problems concerned with 
the determination of the critical stresses ■idiich cause long curved 
plates to buckle have been presented in various investigations. In 
references 1 to 3 shear alone acting on both simply supported and 
clamped plates is investigated! in references 4 and 5 direct axial 
compression, alone acting on both siuiply supported and clamped plates 
is investigated; and in reference 6 the- critical combinations of 
shear and .direct axial stress for simply supported plates only are 
given. 

The present paper deals with the determination of the combina- 
tions of shear and direct axial stress -which cavise plates tvith either 
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simply supported or clamped edges to buckle (appendix A). The 
present solution as well as thei solutions of references 1 to 6 is 
based upon the small-deflection theory. As curved plates loaded in 
axial ccaapression may buckle at a stress much leas tlzan the theo- 
retical value, the theoretical interaction curves of reference 6 and 
the present paper must be modified in the compression range for use 
in design. 

An investigation was therefore made of available experimental 
data on tho critical stresses of long plates with transverse curva- 
ture loaded in axial compression (appendix B ) , and approximate inter- 
action curves incorporating these results. were developed and are 
provisionally recommended for design purposes. The results of the 
present analysis are given in the form of tables, interaction curves, 
and formulas. 


SYMBOLS 


b 

m, n, 
r 
t 
u 

V 

V 
X 

y 

D 


width of plate 
J integers 

radius of curvature of plate 
thickness of plate 

displacement of point on median surface of plate in axial 
(x-) direction 

displacement of point on median surface of plate in circum- 
ferential (y-) direction 

displacement of point on median surface of plate in radial 
direction; positive outward 

axial coordinate of plate 

circumforential coordinate of plate 

■ flexural stiffness of plate per unit length 


Et- 


a2(i - 


E Young's modulus of elasticity 

Q mathematical operator defined in appendix A 
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V ^ 


or Qf 


curvature parameter 
coefficients of deflection functions 

shear-stress coefficient appearing in equation t = 


h^t 




direct-axial-atress coefficient appearing in equa- 


tion cr^ = 


h2t 




(Ex) 


e2p 


(®x) 


th 


K- 

w m 


diagonal element in stability determinant 

theoretical shear -stress ratio (ratio of shear stress 

present to theoretical critical shear stress in absence 
of other stresses) 

empirical direct -axial-stress ratio (ratio of direct 
axial stress present to empirical critical direct 
axial stress in absence of other stresses) 

theoretical direct -axial-streBB ratio (ratio of direct 
axial stress present to theoretical direct axial stress 
in absence of other stresses) 

deflection functions defined in appendix A 


1 


X half -wave length of buckles in axial dix’ection 

Poisson's ratio 
direct axial stress in plate 


T 


shear stress in plate 



k 
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5x2 Sy^ 

V ^ = Inverse of defined "by = w 


EESUIffS AMD DISCUSSION 


Thooretical results . - The combinations of shear and axj.al stress 
which cause long plates with transverse curvature to buckle may be 
obtained from the eq.uatlons 


ksit^D 

T = _§ 

bSt 


®z “ 


b^t 


•when the stress coefficients k^ and k^ are kno-wn. The theo- 
retical combinations of stress coefficients for plates ■wi'th simply 
supported edges and clan5)ed edges are given by the interaction curves 
of figures 1 and 2, respectively. In these figures, the dashed curves 
for Z a 0 are flat-plate solutions obtained from reference 7.’ 

In figures 1 and 2 interaction curves are presented for various 
values of the curvature parameter Z up to 30, The interaction 
curves are very nearly parabolas passing throiA£^ the points giving 
the critical stress coefficients for shear alone and for axial stress 
alone. These stress coefficients for any value of Z may be obtained 
from the theoretical curves of figures 3 and 4, -whicli incorporate 
resTilts derived in reference 3 and in appendix A of the present 
paper. Additional calculations made for curved plates both with 
simply supported and with clamped edges indicate that fexr all values 
of Z up to at least 1000 the interaction cui^es continue to be 
approximately parabolas (computed values given in table l) . These 
results are confirmed for simply supported plates by the results 
given in reference 6. 

Empirical results and design curves .- Eeference 8 sho'ws that 
curved plates in shear buckle at stresses close to the theoretical 
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critical stresses . Plates of moderate c<r‘ high curvatxare in axial 
compression, however, huckle at stresses much less than the theo- 
retical critical stresses. (See references 9 to 11.) The theo- 
retical interaction curves are therefore sei-iously unconservative 
for plates of moderate or hi£^ curvature when appreciable ccmpression 
is present and are thus unsuitable for use in the design of such 
plates. This discrepancy between the actual and the theoretical 
compressive stresses is believed to be due to nonlinear effects ■^diich 
are not accounted for in the small-deflection theory. The fraction 
of the theoretical critical stress at -vdiich these effects assume 
importance depends upon the initial eccentricities of the plated 

Because the ratio r/t is a rou{^ measure of the initial eccen- 
tricities likely to be present in practical construction, the available 

experimental critical compressive stresses were plotted in separate 

groups according to the value of r/t of the plate and a separate 
curve was faired through each group. (See appendix B.) The results 
are summarized in figure 5* The empirical curves have the same 
general trend as the theoretical curves and at hi^ valiies of Z 
approach straight lines given approximately by the formula 


kjj. = ^0.68 - 0.0005|^Z 


for values' of r/t between 500 .and 1000. (See appendix B.) 

The true interaction, curve for a given curved plate naist pass 
throu£^i the experimental' point for pure ccaj^resslon, which can be 
obtained from figure 5j and also through the experimental point for 
pure shear, •tdilch faU-s sliji^tly below the theoretical value indi- 
cated in figure 3 > Because the small-deflection theory gives fairly 
accurate results except in the presence of substantial axial com- 
pression (reference 12) , the theoretical curve must be approximately 
correct in the tension and part of the ccanpresslon range. The true 
interaction curve is therefore presumably some-viiat like the dashed 
curve in figure 6. The absence- of experimental data does not permit 
accurate plotting of this curve; therefore an approximate design 
curve consisting of tiro parts (as indicated in fig. 6) is suggested. 
One part, applying to the compression range, is the parabola passing 
throu^ the points corresponding to the experimental critical ccaa- 
presslve stress and the theoretical critical shear stress (obtained 
from figs. 5 and respectively). The second part, applying to the 
tension range, is 'the theoretical curve ■vdiich is essentially the 
parabola passing through the points corresponding to the theoretical 
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critical stress in pure ccsmpresslon and pure shear (obtained from 
figs . 4 and 3; respectively) . 


HTTERACTION FOEMULAS 


The theoretical interaction ciirve for a long plate -vTith trans- 
verse curvature loaded in shear and longitudinal direct stress is 
very nearly a parabola passing throu^i the theoretical points corre- 
sponding to shear alone and to ajcial conrpression alone. This parabola 
may be expressed in stress-ratio form by. the equation 




As long plates with transverse curvature in axial campression 
buckle at a stress considerably less than the theoretical critical 
stress, the theoretical interaction curve is unsuitable for design 
purposes T^henever a substantial. amount of compression is present. 

In the absence of test data on curved plates buckling under combined 
shear and compression, an interaction cxnrve composed of two parts is 
provisionally recommended for design. This interaction curve is 
described by the following equations: For combined shear and ccm- 

pression. 
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and for combined shear and tension. 




= 1 


Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va., March 20, 19^7 
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APPENDIX A 
THEORETICAL SOIOTION 


Eq[mtlon of eiivtlll'brium ." The combinations of sheeir and direct 
axial stress idiich caiAse long curved plates to buclcle may be obtained 
by solving the following equation of equilibrium (reference 13 ): 


L V^w + ~ v“^ — + 2rt 




3^w 8^ 

+ — ' 

3y 


(Al) 


•vdiere x and y are the coordinates indicated in the following 
figure: 



Division of equation (Al) by D gives 


h 12Z 
V w + — r 
b^ 


8x^' 


V 


+ 2k„ 








TjS bx 8y -b® 


= 0 


(A2) 
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•vdiere the d.lmenslonleas pareiaeters Z, kg, ani k^. ax-e defined "by 


Z 





2 


Ttb^ 

n%) 




«2d 


Eq.uation (A2) can he represented hy 

Qw a 0 (A3) 

■where Q is defined hy the operator . . 

. 12z2 „-it n2 :s2. . S2. 

V + — — r, V — r + 2k^— + ,k„r-— — - 

h^*- ' h2 Sx Sy 


Method of solution .- The equation of equilihrium may he solved 
hy using the Galerkin method as ^ven in reference l4. In the appli- 
cation 'of this method^ equation (i^.) is solved hy the use of a suitable 
series expansion for , v as follo-ws: 




(Aft) 


In espression (a 4) the functions Tg, . . . Vj, and Wg, . . . Wj 

individually satisfy -the boundary conditions on w hut need not satisfy 
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the equation of equllihrium. The coefficients and are 
then determined hy the equations 


nh 


P2X, 


Jo J 


dx dy B 0 


0 


nh nsx 


W^Qv dx dy = 0 


0 UO 


(A5) 


where n = 1, 2, 3, • • • 

The boundary conditions considered in the present paper are as 

^2.. 

follows: for simply supported edges, w « -- = \i » 0 and v is 

Sy2 

unrestrained) and for clamped edges/ w = ~ e v = 0 and u is 

Sy 

unrestrained. 


Solution- for plq.tes with simply supported edges .- The following 
infinite series expansion, 'idiich incorporates a set of functions that 
is complete (subject to the limitation of periodicity with wave 
length in the longitudinal direction), can be used to represent 
exactly the displacement w of curved plates with simply supported 
edges; - • ’ 


w = sin 


rtx 

\ 


03 



Itel 


Buty 

b 


+ cos 



sin 


mny 


(a6) 


Hi addition to satisfying the conditions on w at the edges, expres- 
sion (a 6) also satisfies the conditions that the axial displacement u 
Is equal to 0 and. the circumferential displacement v is unrestrained 
at the edges (see reference 12). Expression (a 6) is equivalent to 
expression (Ah) if 
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n 


sin *2 sin 


■W_ SB COS 


«x 


n 


sin 


n:y 

b 



(AT) 


Substitution of expressions (a6) (a 7 ) 

and integration over the limits ind3.cated give 


into eqtuations (A5) 



•where m ± n is odd and 

n 2, 3, . . . 

Equations (a 8) have a solution in -rfiich the coefficients a„ 
and the coefficients bj^ are not all zero onlj- if the folio-wing 
determinant of the coefficients of and b^ vanishes: 
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■rfiere 




8p 


(u2 + 02)' 


123 


(n2 + p 2 y 




By a rearrangeinent of rows and columns, the infinite determinant can 
he factored into the product of two mutually cq.uivalent infinite subdeter- 
minants. The resulting eq.uation, •vAiich determines the critical stress 
ocmibinations, is 


bg S3 \ 


n=l 

ns2 

ik=3 


f 0 

3 J 

“ -- 

3 ^ ^ 


15 

0 


®5 

0 


^6 

35 


.i£ 

'21 


~ 0 


0 

0 


^2 

0 


0 

0 


6 1 M 12 

5 . ks 3 7 


0 


2 

3 


0 

0 

0 


^5 

0 


®6 

0 

0 

0 


n^4 

k 

15 

0 

12 

7 


20 

■9 

0 

a « « 

0 

0 

0 0 

» 

a 

0 

0 

n=5 

0 

10 

“21 

0 

20 

9 


20 . 

11 

• • • 

0 

0 

0 0 

0 0 a f a 

n=6 

• 

6 

35 

9 

0 

• 

2 

3 

• 

0 

t 

30 

11 

« 

ks ^ 

• 

• • • 
• 

0 

9 

0 

f 

0 0 

a a 

0 0 ... 

a a a 

n=l 

• 

0 

9 

0 

« 

0 

« 

0 

• 

0 

• 

0 

a 

• • a 

B 

a 

2 

"3 

a a 

° -b 

a a a 

0 ... 

n=2 

0 

Q 

0 

0 

0 

0 

• « a 

2 

"3 

^s 2 

I ° 

i ° ■■■ 

n=3 

0 

0 

0 

0 

0 

0 

9 9 9 

0 

6 

5 


0 

3. 


0 

0 

0 

0 

0 

0 

9 9 9 

k 

"15 

0 

12 1« 
T kf ^ 

a 0 ... 

9 

n=5 

0 

0 

0 

0 

0 

0 

9 9 9 

0 

3£ 

21 

.0 ^ 
9 

1 ■■ 30 

^ -E ••• 

n=6 

• 

0 

« 

. 0 

• 

0 

• 

0 

a 

0 

a 

0 

9 

9 9 9 
9 

6 

’35 

a 

0 

a 

-I ° 

a a 

’ll ••• 

a a a 

• 

* 

« 

« 

« 

a 

• 

a 

• 

a 

• 

9 

9 

9 

€ 

a 

a 

a 

a 

a a 

a a 

a a a 

a a a 


=0 


(AlO) 
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The first approximation, obtained from the second-order deter- 
minant (upper left-hand comer of either of the infinite subdeter- 
minants), is given by 




(All) 


The second approximation, obtained from the third-order deter- 
minant, is given by 






(A12) 


The third approximation, obtained from the fourth-order deter- 
minant, is given by 




Each of these eq.\iations shows that for a selected value of the 
curvature parameter Z the critical combination of stresses >411 ch 
will cause a long curved plate to buckle depends upon the wave 
length. Since a structure buckles at the lowest stress at idiich 
instability can occur, kg is minimized with respect to the wave 

length by substituting values of P into equations (All), (A12), 
or (A13) for a chosen value of k^. until the minimum value of kg 

cari be obtained from a plot of kg against p . Table 1 presents 

the computed interaction data; the results are substantially the 
same as the results of reference 6. 

In ordei* to detenaine the critical stress coefficients for the 
buckling of a Icaag curved plate loaded in axial ccanpresBion alone, 
equation (AlO) is solved by setting kg equal to zero. Iii the 

resultant equation all the off-diagonal terms are equal to zero. 

The solution to this equation is 


• • • ^ = ® 


(A14) 
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For the minimum value of the stress coefficient that satisfies eq.ua- 
tion (A14), the relationship 



(A15) 


must he sati-sfied. The value of ky. given hy eq.ua tion (A15) is 




l)^ ^ 12Z%^ 


(AI 6 ) 


Equation (AI 6 ) shove that the buckling stress is a function of 
the vave length of the buckle and the minimum value of 3s^ is found 

by minimizing with respect to 3 in a manner similar to that 
used to find the minimum value of k in equations (All) to (AI 3 ). 

o 

Figvire 4 gives the critical axial-compressive-strese coefficients 
for long curved plates vith simply supported edges; the results are 
the same as the results presented in reference 4 for plates vith 
simply supported edges. ' ■ 

Solution for plates vith claused edges .- A procedure similar to 
that used for plates vith simply supported edges may be folloved for 
long curved plates vith clamped edges. The deflection function used 
is the foUovlng series: 




Ittsl •- 


cos - cos 


rtx X. , 
+ cos — / b. 


oa 

I’ 

nfcsl 


m 


_ (m - l}jty (m + l)r(y 

cos - ■ — - ■ — ■■■ - COB ■ ■ ■' ■ 


(AI 7 ) 
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Each term of this series satisfies the coDditioiis on w at the 
edges and in addition the conditions that the azial displacanent u 
is rmrestrained and the circumferential displacement v is equal 
to 0 at the edges (see reference 13 )* In this case, 


^n = 


«z 


(n " (n + l)«y 

h h 


= cos ^ 
^ X 


cos 


(n - l)rty 


- cos 


(n + l)rty 


(Al8) 


tdiere n = 1, 2, 3 • • • 


After operations corresponding to those carried out for the 
case of simply supported edges are performed, the following simul- 
taneous eq,uations result: 



Tear n =s 1 


‘'nU 


C 


CO 

^ l5. 
20^2, h, 6 

Far n =a 9 

OO 

^3) " 

m=l,3,5 

Fear n = 3, 4, 5, . . . 

*^+l) *■ “ ®n+2^+l 


(m - 1)® (m + 1)2 

+ 


(m - 1)2 - 4. (in + 1)2 - 4 
(m “ 1)2 (m - 1)2 


= 0 


(m + 1)2 ^ (m + 1)2 


(m - 1)2 - 1 (jn - 1)2 . g (m + 1)2 - 1 (m + 1)2 - 9 


= 0 


^ 


I 

m=l 

•rfaere min is odd» 
Pear n » 1 


■ im - 1)2 


(m - 1)2 


(m + 1)2 


(m + 1)2 


(m - 1)2 - (n - 1)2 (m - 1)2 - (n + i)2 (j^ + i)2 . - i)2 + 1)2. (n + i)2 


'=i(2>-<o - «2) - r «M|. , •, ,,, -| 

3it=2,4,6 [(“ - 1)2 - 4 (m + 1)2 - 4 

Fear n a 2 ~ 


>(A 19 ) 


’(m ~ 1)2 ^ (m + 1)2 


= 0 


oa 

^2{“i + “ 3 ) ' ^4^3 “ ^ %. 

m=l,3^5 

Fcjr n = 3 , 4, 5 , . . . 

^n(^-l ■*■ *t+l) ” ^n-^-l ^ ^n+2^+1 


4[a - 1)2 (a, - i)2 


(m + 1)2 (a + 1)! 

+ “ 


|(m - 1)2 - 1 (a - 1)2 _ 9 (m + 1)2 - 1 (m + 1)2 - 9 


0 


09 

- 

m=l 


(m - 1)2 


(m - 1)2 


(nx + 1)2 


(m + 1)’ 


[(m - 1)2 - (n - 1)2 _ 1)2 „ ^ 1)2 ^ 3^)2 „ _ i)2 ^ 1)2- (n + i)2 


■wheare m ± n Is odd 


sOl 


■tji 


ilE VDVM 
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and 



The infinite determinant formed by ©qmtions (AI 9 ) can be rearranged 
so as to factor into the product of two mutually eq.uivalent infinite sub- 
determinants, as in the solution for long curved plates with simply sup- 
ported edges. The critical stress ccmbinations are obtained by permitting 
one of the subdeterminants to vanish. The resultant eq.uation is 




^2 

®3 

1 


®5 

^6 

nal 


32 

15 


§L ■ 
"105 

0 

32 

“315 

n=2 

I ^ . 



-i-Mo 

32 

0 

15 

kgV 1 3/ 

105 


35 


n=3 

^s 

-3^ 

105 


1472 

315 

^S 

1376 

"1155 

n=4 

64 

‘105 

-^3 

1472 

315 


4160 

693 


n^.5 

0 

32 

'35 

-i^4 

4l6o 

'693 


9440 
' 1287 

n=6 

32 

"315 

\ 

0 

1376 

1155 

*-s 

9440 

1287 

■kM 


• 4 

• « 




• • • 


» 0 


(A20) 



NACA TE No. 13^7 


19 


The first approximation to eq,uatlon (A20), obtained from the 
second-order determinant (upper left-hand corner of ecLuation (A20)), 
is given by 


' (if “3) 


(A21) 


The second approximatim, obtained frcm the third-order deter- 
minant, is given by 



+ M 3 ) 

[z( 2 Mo-ma)(M 2 ■>. M 4 ) - 

M 2 ^ 



_ /6ii\/352N 
“ \15/\1Q5) 

)Mg + | 


+ M 2 ) 


(A22) 


The third approximation,- obtained from the fourth-order deter- 
minant, is given by 




SMo^Mg + + M3M^j 


(A23) 
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These eq.uations are solved for values of Z het^veen 0 and 30 
In a manner similar to that used in the problem, of the buckling of 
curved plates -^d-th simply supported edges - that is, by substituting 
values of p into cq.uations (A21), (A22), or (A23) for each value 
of Z and a given value of vmtil the Mnimum value of kg is 

obtained from a plot of 3 against corresponding values of kg. As 

the value of Z increases, the hi^er Fourier components of the , 
buckle deformation increase in relative importance, and instead of 
determinants in the upper left-hand corner determinants farther down 
the principal diagonal are used. The canq)uted Interaction data are 
presented in table 1. 

In order to determine, the critical stress coefficients for the 
buckling of -a long' curved plate in axial compression, equation (A23) 
is solved by setting kg eq.ual to zero. The. solution then is 


|~2Jdo(M2 +. [^1(^3 + = 0 (A24) 


Equation (A2i)-) is solved In a manner similar to that used for 
the problem of the buckling of a curved plate with simply supported 
edges \3nder axial compression - that Is, by substituting values 
of 3 into equation (A24.) until the minimum value of is found 

from a plot of k^^ against 3* Figure 4 gives the critical axial- 

compressive -stress coefficients for long curved plates ■vjith clamped 
edges, and these values are in substantial agreement wi.th the results 
presented in reference 5 for plates of low curvatvire with clamped 
edges . 
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APPENDIX B 

DETESMINAriONr OF EMPIRICAL CURVES FOR BUCKL^G 
CF LONG PLAITES WITH TRANSVERSE CWATURE 
LOADED IN AXIAL COMESESSION 


Curved plates loaded in axial ccanpression "bucile at loads Tdiioh 
are much lower than those predicted bj theory (see references 9 
to 11 ) . In order to determine tlie loads at which actual curved 
plates would buckle an empirical investigation was carried out. 

When plates have appreciable curvature, the critical compres- 
sive stresses are virtually independent of the ratio of the axial 
length to the circuDiferential width of the plates, if this ratio is 
greater than abotit 1 . The test data obtained in various investi- 
gations for the buckling of curved rectangular panels having a ratio 
of axial length to circumferential -vddth greater than 1 were plotted 
in figures 7 and 8 by using the parameters of the small-deflection 
theory. These figures show that as the radius -thickness ratio of 
the plates increases the buckling stresses decrease. A series of 
curves depending upon the ratio of radius to thickness was there- 
fore drawn throu^ the average of the test points^ these curves give 
the compressive -buckling-str ess coefficients for actual ciirved plates . 

At high values of Z the curves approach a series of straight 
lines which are parallel to the theoretical curve. These strai^t 
lines are functions of r/t and may be approximated by the eq.ua- 
tion k^ = CZ -sdiere C is a function of r/t e:q?ressed by the 

eq.uation C = 0.68 - 0.0005^. This espression for C, plotted in 

t , , _ _ 

figure 9, was obtained from experimental results given in figures 7 
and 8. As Z decreases and approaches zero, the empirical curves 
approach the value of k = 4 vtiioh. is the theoretical compressive- 

V 

stress coefficient for the buckling of flat plates with simply sup- 
ported edges loaded in longitudinal compression. (See curves for 
simply supported plates in fig. 4.) The empirical curves of figures 7 
and 8 may therefore be used 'to determine the cortpresBive buckling 
stresses of curved plates with siuply supported edges. 

In order to determine the stresses that cause curved plates 
with clamped edges to buckle, it is necessary to modify the curves 
of figures 7 and 8. The longitudinal loads idiich cause buckling 
are practically independent of edge restraint at large values of Z. 
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(See fig. 4.) Flat plates -with clamped edges loaded longitu6.1nally 
■will also tuckle at a stress -sdiich agrees closely -vri-th the theo- 
retically predicted value (reference 15) • The curves of figures 7 
and 8 are therefore modified for curved plates vith cJemped edges 
hy fairing smooth transition curves hetveon the theoretical values 
at low values of the curvature parameter Z and the empirical 
values estahlished for the huckllng of curved plates at high values 
of Z. The resiilts are shown as dashed curves in figure 5* 
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TABLE 1 


TEEOEETICAL COMBLITATIOKS OF SEEAE-aERESS AND DIRECT -AXIAL-aEEESS 
COIPPICIEMTS AND CQREESPOHDIHG YALUES OF 


z 

Ic 

X 

First 

approximation 

[ 

Second 

approximation 

Third 

approximation 

^8 

• 

k 

s 

1 ! 

^s 



Curved plates 

with, simply supported edges 


5 

-3 

7.80 

0.38 

7.35 . 

0.45 

7-34 1 

0.47 


-1 

6.67 

.li -7 

6.34 

.52 




1 

5 . 3 i^ 

.60 

5-13 

.63 




3 

3*60 

.76 

3.52 

.78 




h 

2.35 

..90 

2.33 

.90 




4.76 

.265 

1.0 

.265 

1.0 



10 

-li- 

8.95 

.28 

8 ,l ^5 

.34 

8.45 

.33 


-2 

8.08 

.30 

7-63 

.39 

7.63 

•. 4 o 


2 

5-92 

.la 

. 5.67 

.47 


— 


k 

I1..55 

.53 

. 4.41 

.57 




5 

3.71 

.60 

3.62 

.64 




6 

2.65 

•73 

2.61 

.75 




7.03 

,56 

.98 

.56 

.98 

BB 


1 30 

-5 

12,58 

.10 

11.94 

.12 

11.92 

.12 


-2 

11.73 

.11 

11.18 

.12 



1 

5 

. 9.58 

.12 

9.24 

.12 


— - 


10 

7 « 8 o 

.12 

7.60 

.12 


— 


15 

5.67 

-.12 

5.58 

.12 




18 

3.98 

.12 

3.95- 

.12 




21 . 

.55 

.12 

.55 

.12 

Bl 


100 

-10 

21.80 

•03 

20.61 

.04 

20.61 

.04 


-5 

20.7 

•03 

19.83 

.03 i 




20 

16, 

.03 

16.014. 

.03 ; 




40 

12.57 

.03 

12.35 

.03 




50 

10.13 

.03 

10.04 

.03 




60 

7.15 

.03 

7.11 

.03 



j 

69.5 

1.85 

.03 

1.85 

.03 ! 

BBI 

BB 
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TABLE 1 - Continued 


THEORETICAL COMBETATIONS OF SHEAR -aERESS AUD DIRECT “AXIAL-STRESS 
COEFFICIENTS AND CORRESPONDING VALDES OF - Continued 


z 


First 

approximation 

Second 

approximation 

Third 

approximation 

^s ' 

2 

^s 


’"s 



Curved plates 

with simply supported edges 


30 Q 

-100 

42-9 

0.01 

40.58 

0.01 

40.53 

0.01 


-50 

38.8 

iOl . 

36.90 

.01 




0 

34.34 

.01 

3 ? *95 

.01 




50 

29.50 

.01 

28.58 

.01 




100 ■ 

24.10 

.01 

23.60 

.01 




150 

17.5 

.01 

17.3 

.01 




210 

1.8 

.01 

1.8 

.01 



1000 

-200 . 

72.0 

.003 

68.65 

.003 

68.55 

.003 


0 

62.6 

.003 

60.16 

.003 

60.03 

.003 


200 

52.0 

.003 

50 * 5 - 

.003 

50.34 

.003 


koo 

39.5 

.003 

38.7 

.003 




6 oo 

22,6 

.'003 

22.4 . 

.003 




TOO 

3.6 

.003 

3.6 

.003 



Cui’ved plates -with clamped odges 

1 

“5 

12.78 

1.03 

■ 12.11 

1.2 

11.91 

1.23 


0 

9.59 

1.41 

■ 9.34 

■ 1.5 




1 

8.88 

1.50 

8 , 6 ^ 

1.6 




3 

7.19 

1.75 

7.15 

1.8 




5 

5.16 

2.00 

■ 5.15 

2.1 




7 

1.87 

2.28 

1.09 

2.3 




7.09 

0 

2.30 





5 

-6 

14.23 

1.10 

’ 13.14 

1.26 




0 

10.46 

1.56 

10.00 

1.67 




2 

8.94 

1.80 

8.69- 

1.80 




4 

7.20 ■ 

2.07 

7.12 

2.08 




6 

5.06 

2.35 

5.06 

2.35 




7.5 

2.73 

2.58 

2.47 

2.60 




7.97 

0 

2.75 
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TABIE 1 “ Ccmcluded 


THEORETICAL COMBINATIONS OF SEEAR “STRESS AND LIRECT-AXIAL-ST 5 ESS 

I 

COEBEICIENTS AND CORRESPONDING- VALUES OF . Concluded 


z 


First 

approximation 

Second 

approximaticn 

Third 

approximation 

^s 


^s 

p2 



Curved plates •with, clamped odges 

10 

-7 

17-13 

1.30 

14.84 

1.50 


.... 


0 

12.69 

1.92 

11.49 

2.00 


— 


1 

11.98 

2.05 

10.93 

2.13 




5 

8.65 

2.50 

8.27 

2.60 




7 

6.62 

3.00 

6.52 

2.95 


— 


9 

4.00 

3.34 

3.98 

3.36 


— 


10. ih 

0 

3-75 


— 




30 

-15 

38-92 

2.00 

23.85 

1.65 

23-22 

1.80 


0 

28.23 

3-32 

18.44 

2.65 

18.10 

2.75 


5 

23.86 

4.20 

16.21 

3.25 




10 

18.93 

5-20 

13.64 

4.20 




15 

13-32 

6.50 

10.51 

5-50 


----- 


18 

9.50 

7-40 

8.18 

6.70 


---- 


21 

4.85 

8.60 

4.72 

8.35 


---- 


22.39 

0 

9.44 





1000 

250 

105 

.25 

92.5 

-54 


- - - - 


400 

97-5 

.22 

78 

.56 


— 


500 

90 

.24 

68.5 

.62 

62.5 

1.4 
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plates with transverse curvature having simply supported edges 
loaded in shear and direct a.Tri a.l stress. (Curve for Z = 0 
obtained from reference 7.) 
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Figure 2.- Theoretical combinations of stress coefficients for long 
plates with transverse curvature having clamped edges loaded in 
shear and direct axial stress. (Curve for Z = 0 obtained from 
reference 7.) 
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Figure 4.- Theoretical compressive -stress coefficients for long 

plates with transverse curvature having either simply supported or 
clamped edges. 
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Fig. 5 



Figure 5.- Design and theoretical compressive -stress coefficients 
for lor^ plates with transverse curvature havir^ either simply 
supported or clamped edges. 
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Figure 6.- Comparison of theoretical interaction curve, probable 


empirical interaction ctmve (eaact iuCaliOn aomewhat uncertain) , 


and empirical interaction curve recommended for design of curved 
nifltpg buckling under combined action of axial compression and 


shear. 
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Fig. 8 
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Figure 8.- Test points and design curve for plates having radius- 
thickness ratio of 700 compared with theoretical curve for plates 
with simply supported edges loaded in axial compression. 
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Figure 9.- Empirical coefficient for computing compressive strength 
of long plates with transverse curvature having moderate and high 
values of Z. 
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